The luminescent lifetime of La 2 Zr 2 O 7 and La 2 Hf 2 O 7 has been determined as a function of temperature. We have shown that the luminescence of both materials can be used to determine the temperature of a surface up to 1073 K. The results are qualitatively explained via multiphonon emission. Phonon energies and the number of phonons needed to cross the energy gap are estimated. The results are useful in the design of phosphors for noncontact thermometry in high-temperature applications.
I. INTRODUCTION
The ability to use pyrochlore materials as both a thermal barrier coating and as a noncontact temperature sensor is an intriguing idea, especially for those involved in the development of turbine engines. Pyrochlore materials are known for their exceptional thermal barrier coating properties such as high coefficient of thermal expansion, high melting point, and low thermal conductivity. Also, pyrochlores have been shown to have better phase stability than the current industry standard yttria-stabalized zirconia ͑YSZ͒.
1,2
Rare-earth ͑RE͒ doped pyrochlores can also be used to make noncontact surface temperature measurements. The formula for a pyrochlore is expressed as A 2 B 2 O 7 ͑where A =Y,La,Nd,Sm,Eu,Gd; B =Ti,Zr,Hf,Sn͒ and the structure is derived from the cubic-fluorite. The A and B atoms are in the +3 and +4 oxidation state, respectively. 3 RE elements substitute into the A 3+ sites of pyrochlores. 4 The luminescence of REs in pyrochlores can be used to determine surface temperatures. Gentleman 7 . These materials were chosen because the lanthanum-based pyrochlores are known to have excellent thermal stability, high resistance to thermal shock, and fracture toughness comparable to YSZ.
2 In addition, there is no information available on the temperaturedependent lifetime of these lanthanum-based pyrochlores. The goal of this work is to assess the viability of using these materials as high-temperature sensors. 
II. MATERIAL AND METHODS

Samples
A. X-ray diffraction
The structure of the samples was determined by x-ray powder diffraction ͑XRD͒ patterns with Cu K␣ ͑ = 1.5405 Å͒ radiation and are shown in Fig. 1 4 ͒. In the pyrochlore structure, the A 3+ ion is coordinated to eight nonequivalent oxygen atoms. Six of the oxygen atoms at a distance d 1 from the A 3+ ion and the remaining two oxygens are at a distance, d 2 , which is slightly shorter than d 1 . Hirayama showed that the difference between the ratio of d 1 to d 2 for the two lattices is only 0.8%, 3 which is supported by our XRD spectra.
Combustion synthesis is a fast, simple method used to produce highly luminescent materials. 7 However, the morphology of the crystals is not always uniform. 8 In previous studies, we have found that combustion synthesis yields single micron-sized crystals and aggregated nanocrystals. 9 This material nonuniformity is presumably a result of the nonuniform temperatures and activities inherent to a violent combustion process. The sharp, intense peaks of the XRD spectra and previous results 10 indicate that the powder is mainly composed of micron-sized, single crystals. On a single transmission electron microscopy grid, some nanophase agglomerates and some microsized single crystals were found, but the majority of the material was single crystal.
B. Photoluminescence
Room-temperature photoluminescent spectra were taken using a Quantamaster 500, which combines a 50 W xenon lamp excitation source with a range 200-900 nm, a spectrometer with 0.25 nm resolution, and a photomultiplier tube with a detection range 200-900 nm. A sample spectrum is shown in Fig. 2 . The excitation spectrum is used to find wavelengths that will maximize the intensity of emission and also to discern important information about the host lattice effects on the orbitals of the Eu 3+ ion. The corresponding emission spectra are shown in Fig. 3 Fig. 3 , electronic dipole transitions dominate since the 611 nm emission line is the most intense.
C. Temperature-dependent lifetime
The focus of this work is to characterize the temperature-dependent lifetimes of two europium-doped pyrochlores. Temperature-dependent luminescent measurements were made using an excitation wavelength of 337 nm and an emission wavelength of 611 nm, which corresponds to the 5 D 0 → 7 F 2 transition. The decay curves for both structures were multiexponential and consisted of a long and a short component. The time constant was determined by measuring the logarithmic decay from 15% to 35% of the total luminescent signal after the excitation pulse was terminated. This portion of the signal captures the long component of the decay curve.
The tained by locating the intersection of the unquenched lifetime and the quenched lifetime on the log plot of Fig. 4 . The lifetime data shown in Fig. 4 indicate that the structure of both pyrochlores is very similar. The lifetime is composed of both a radiative and a nonradiative component
where is the observed decay constant, P r is the radiative rate, and P nr is the nonradiative rate. While the radiative rate remains relatively constant over all temperatures, the nonradiative rate can change drastically with temperature. In addition, the rate of nonradiative transitions depends on the number of available pathways for nonradiative decay. One possible mechanism for nonradiative decay is multiphonon emission ͑MPE͒. In this process, the large energy gap between the 5 D 0 and 7 F 2 states is crossed by several phonons. As the temperature increases, more phonons become available for multiphonon relaxation to lower energy levels. A simple relationship has been derived by Weber et al. 11 for the temperature dependency of nonradiative transitions
where n is the number of phonons involved in the transition, E ph is the phonon energy, k B is the Boltzmann constant, and T is the temperature. The lifetime data for both samples have been fitted by substituting Eq. ͑2͒ into Eq. ͑1͒ and the estimates for n and E ph are listed in Table I . The data shown in Table I The ratio between the phonon energies, E ph,Hf / E ph,Zr , in Table I is 0.97. To a first approximation, this effect can be explained by noting that the maximum optical phonon frequency, op , depends on the atomic mass, m a and m b of the bases, and the interatomic potential, g, between bases.
, and g is assumed to be the same in both lattices ͑since the change in the lattice structure is very small, as evidenced by Fig. 1 and Ref. 3͒, the ratio between the two phonon energies is comparable to the ratio of the energies listed in Table I .
However, the number of phonons required to cross the energy gap is greater than 20. According to the energy gap law of Di Bartolo, 12 if more than seven phonons are required to cross the gap, the dominant mechanism for energy release should be radiative. Heyes 13 showed that MPE theory can predict unrealistic quenching temperatures for phosphors such as YAG:Eu. On the other hand, MPE theory accurately predicts trends in thermal quenching temperature for a series of phosphors. In any case, more work is needed to understand and quantify phonon quenching mechanisms.
The samples analyzed in this work are not viable to use in a combustion environment because the luminescence would be totally quenched at flame temperatures. Nevertheless, the quenching temperature may be adjusted by varying the concentration of Eu 3+ . For example, the lifetime begins to quench at lower temperatures for high Ce 3+ concentrations in yttrium aluminum garnet ͑YAG͒ due to thermally activated concentration quenching.
14 In addition, the lifetime measurements may change when different excitation wavelengths are employed. Gentleman 5 used an excitation wavelength of 532 nm on similar pyrochlore materials and observed luminescence up to 1473 K. Figure 2 shows that 305, 395, 465, 496, and 532 nm excitation wavelengths may also be used to produce intense emission. The use of different excitation wavelengths is the subject of ongoing work. 
